Batzellasides A-C are C-alkylated piperidine iminosugars isolated from a sponge, Batzella sp. The first total synthesis of (+)-batzellaside B was achieved by employing a chiral pool approach starting from L-arabinose for the construction of a piperidine ring system. Subsequently, a practical second-generation synthesis was developed by utilizing a Sharpless asymmetric dihydroxylation for the preparation of the common piperidine intermediate elaborated in the firstgeneration synthesis. The overall yield of batzellaside B was improved to 3.3% by introducing the exocyclic C8 stereocenter via facial selective hydride addition to a linear ketone. These syntheses allowed for the determination of the absolute stereochemistry of this natural product as well as for providing precious samples, which would pave the way for further biological studies.
Sugar mimics with a nitrogen atom in the ring systems, so called iminosugars, have been isolated from plants and microorganisms ( Figure 1 ). These compounds are considered to have a significant therapeutic value due to their potential inhibition properties toward glucosidases [1] [2] [3] [4] [5] [6] , glycosyltransferases [7] [8] [9] , glycogen phosphorylases [10] and nucleoside phosphorylases [11] . Their inhibitory potency and specificity correlate with their structures that are analogous to the furanosyl and pyranosyl moieties contained in the natural substrates. Iminosugars can be classified into three categories in terms of their distinct structural features ( Figure 2) [5, 21, 22] . The members of the first class, such as deoxynojirimycin [12, 13] and 2,5-deoxy-2,5imino-D-mannitol [14] , consist of an N-containing heterocyclic ring, piperidine or pyrrolidine, functionalized by two or more hydroxy substituents. The second class of compounds, represented by australine [15] , alexine [16] , hyacinthacine B 1 [17, 18] and castanospermine [19] , contains fused bicyclic ring systems such as pyrrolizidines or indolizidines. Additionally, polyhydroxylated nortropanes, 8-azabicyclo[3.2.1]octane derivatives, fall into the third category [20] . Deoxynojirimycin and its analogues are the largest and most wellstudied group of iminosugars. Since the discovery of the antibiotic nojirimycin in the 1960s, which has been isolated from Streptomyces roseochromogenes R-468 and S. lavendulae SF-425 [23] [24] [25] , this class of compound has been attracting a great deal of interest in the field of medicinal chemistry due to the promising therapeutic potential of the compounds as antidiabetic, antiviral and antitumor agents ( Figure 3 ) [26] [27] [28] . Undoubtedly, the approval of two N-alkylated derivatives of deoxynojirimycin, N-butyl-1deoxynojirimycin (Miglustat) [29] and N-(2-hydroxyethyl)-1deoxynojirimycin (Glyset) [30] , for treatment of type II diabetes and Gaucher's disease has imparted therapeutic applications for the bioactive piperidine iminosugars. In early 2005, (+)-batzellasides A-C (1a-c) were reported as novel piperidine iminosugars isolated from a sponge, Batzella sp., collected off the west coast of Madagascar (Figure 4) [31] . These naturally occurring sugar mimics bearing long alkyl side chains have been shown to exhibit potent inhibitory activity against Staphylococcus epidermidis with MICs of ≤6.3 μg/mL, thus serving as new potent antibacterial agents. While a variety of iminosugars have been isolated from terrestrial sources, batzellasides have attracted interest because they are the first example of naturally occurring compounds of this type produced by marine organisms.
Soon after the isolation and structural elucidation of batzellasides, Sakai and Kamiya isolated 1-deoxynojirimycin-6-phosphate and its N-methyl derivative from the Micronesian marine sponge Lendenfeldia chondrodes ( Figure 5 ) [32] . Although N-methyl-1deoxynojirimycin-6-phosphate had been originally synthesized as a prodrug for AIDS treatment [33, 34] , this is the first example of phosphate derivatives of deoxynojirimycin isolated from a natural source. On the other hand, the first report on the marine pyrrolidine iminosugars was provided by Molinski and co-workers, who achieved the isolation of a pyrrolidine iminosugar, 1,4-dideoxy-1,4imino-D-arabinitol, from two marine sponges, Haliclona sp. and Raispalia sp., collected in Western Australia, together with the detection by LC-MS of 1,4-dideoxy-1,4-imino-D-xylitol and isomeric polyhydroxylated pyrrolidines [35] . As a part of our research program on the synthesis of biologically active iminosugars [36] [37] [38] [39] [40] [41] [42] [43] , we have been engaged in the total synthesis of (+)-batzellaside B (1b) as a representative member of piperidine iminosugars [44, 45] . The main purpose of our firstgeneration synthesis of batzellaside B was to determine the complete structure of this natural product. Accordingly, we decided to undertake a chiral-pool approach starting from L-arabinose ( Figure 6 ). In this synthetic pathway involving nucleophilic cyclization of an acyclic aldehyde in-situ generated from olefin 2 for constructing the highly oxidized piperidine ring, utilization of the three inherent stereocenters originating from the chiral source was a key strategy for synthesis of the important intermediate 4 as an optically pure material. This could be converted into 1b through successive stereoselective allylation and chain elongation processes.
Although the above strategy provided an access to 1b, an alternative synthetic route was required due to time-consuming preparation of the commercially unavailable tribenzyl ether 3 [46] . We thus explored the new synthetic route allowing for more efficient and convenient access to this natural product and its derivatives. From a synthetic point of view, L-pyroglutamic acid, the rich natural abundance of which makes it a commercially and economically viable substrate [47] , could be envisaged as a potentially practical material for this purpose, as demonstrated in our synthetic effort for iminosugars [40, 42, 43] . Furthermore, it could be considered that the heterocyclic hemiaminal 4, a common precursor of the target molecule for both synthetic strategies, would be elaborated by an analogous cyclization of the acyclic aldehyde in-situ generated from cyanide 5 available from L-pyroglutamic acid. Meanwhile, two hydroxy groups at C3 and C4 of the olefinic substrate 6 could be installed by use of Sharpless asymmetric dihydroxylation and subsequent intramolecular cyclization of the aldehyde generated insitu from 5 leads to the construction of the piperidine ring system as the key transformations.
The first-generation synthesis began with the preparation of 2,3,5tri-O-benzyl-L-arabinose 3 by following the published procedure [46] (Scheme 1). Reaction of 3 with p-methoxyphenylmethyl amine (MPMNH 2 ) in refluxing toluene gave an aminal intermediate in nearly quantitative yield, which would exist in equilibrium with the corresponding γ-hydroxy imine. As expected by a Cram's chelation model, syn-selectivity was observed in the reaction of this equilibrium mixture with vinylmagnesium chloride to provide the diastereomerically pure adduct 8 in 81% yield from 3. When the terminal 1,2-diol moiety of 8 was transformed into an aldehyde upon treatment with pyridinium chlorochromate (PCC) [48] [49] [50] , insitu formation of a 5-membered hemiaminal, followed by oxidation, took place to give γ-lactam 9 in 64% yield, the stereochemistry of which at the C5 center was established by comparison of its 13 C NMR spectrum with that of its antipode [39] . Conversion of the vinyl group in 9 by a two-step procedure of dihydroxylation with Nmethylmorpholine-N-oxide (NMO) and OsO 4 , followed by oxidative cleavage with NaIO 4 gave aldehyde, which was subjected to successive NaBH 4 reduction and benzyl protection processes to afford the corresponding benzyl ether 10 in 90% yield over four steps.
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Natural Product Communications Vol. 8 (7) With the requisite substrate 10 in hand, we next turned to the construction of the piperidine ring system. At this point, we envisioned that replacement of the MPM moiety with the Boc functionality would be advantageous to make the lactam carbonyl more reactive in nucleophilic processes due to reduced conjugation of the amide bonding [50] [51] [52] [53] . Accordingly, the MPM protecting group was removed by treatment with ceric ammonium nitrate (CAN) in aqueous solution and replaced with a Boc functionality using (Boc) 2 O to give the N-Boc lactam 11 in a 77% two-step yield (Scheme 2). As anticipated, nucleophilic addition of vinylmagnesium chloride to the carbonyl group on the γ-lactam ring proceeded smoothly to afford an equivalent mixture of the corresponding hemiaminal and the cyclic enone. This mixture was subjected to Luche conditions [54, 55] to give acyclic allyl alcohol 12 in 81% for the two steps. Considering the simple 1 H NMR spectrum, it is reasonable to assume that 12 was formed as a single diastereomer without formation of undesired Michael adducts. Our attempts to remove the resulting hydroxy group by Barton-McCombie type deoxygenation reactions [56] [57] [58] resulted in the production of an inseparable mixture of the desired compound 2 and its regioisomers. For this reason, we attempted palladium catalyzed hydrogenolysis [59] , where allyl alcohol 12 was quantitatively transformed into the corresponding ethyl carbonate 13 and subsequent treatment of this compound with ammonium formate and triethylamine in the presence of tetrakis(triphenylphosphine)palladium gave acyclic olefin 2 in 86% yield without generation of the inseparable regioisomers. Then, the piperidine ring system was constructed by conversion of the olefinic endgroup of 2 to aldehyde through the dihydroxylation-oxidation sequence, which spontaneously cyclized to form the heterocyclic hemiaminal 4 in excellent yield (98% two-step yield). As a result, we have constructed the key intermediate in 18 steps with a 6.6% overall yield from L-arabinose.
For the large-scale production of the target compound to allow for biological studies, a more efficient and scalable second-generation approach for the construction of the piperidine core was pursued next. Although Wittig-Horner reaction of Garner's aldehyde prepared from D-serine would be well suited for the preparation of the E-isomer of α,-unsaturated ester 16 [60, 61] , we decided to use olefination of 15 that would be derived from commercially available L-pyroglutamic acid (Scheme 3). The synthesis began with the preparation of N-Boc-protected γ-lactam 14 by stepwise functionalization of L-pyroglutamic acid using reported procedures [42, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] . As described in the literature [74] , this compound underwent nucleophilic ring-opening upon treatment with sodium methoxide in methanol to provide acyclic ester in 98% yield. Subsequently, the TBS protecting group was removed by exposure to methanolic p-TsOH to give the corresponding alcohol, which was then subjected to reaction with 2,2-dimethoxypropane in the presence of BF 3 ·Et 2 O to produce N,O-acetonide 15 in a 93% twostep yield. Deprotonation of 15 with LDA followed by addition of phenylselenyl bromide and subsequent oxidation of the resulting selenide with m-CPBA and selenoxide elimination gave E-isomer 16 with quantitative geometric purity in a 90% two-step yield, as expected from the previous synthetic work [75] . Then, the ester moiety of this compound was reduced with DIBAL-H [76] to the corresponding hydroxymethyl functionality to afford 17 in 95% yield. The hydroxy group in 17 was protected with TBS, MOM and Ac protecting groups, according to standard procedures [77, 78] , to give moderate to high yields (68-99%) of 18, 19 and 6, respectively. Having synthesized stereoselectively the four olefinic compounds 17-19 and 6, we turned our attention to the diastereoselective construction of two adjacent stereogenic centers via a dihydroxylation reaction (Scheme 4). In our initial effort on Sharpless asymmetric dihydroxylation, we employed the standard set of reaction conditions [79] [80] [81] [82] [83] [84] [85] . For the dihydroxylation of 17, the catalyst system involving AD-mix- led to a mixture of 20a and 20b in a 45:55 ratio with a combined yield of 32%, while that involving AD-mix- provided a 13:87 mixture of 20a and 20b in 77% yield. Similar reactivity was observed in the reaction of the MOM protected derivative 19 with AD-mix-, affording a 50:50 mixture of 22a and 22b in 52% yield. Under the identical conditions, the reaction of 18 resulted in the predominant formation of the undesired diastereomer (21a/21b = 14/86).
A dramatic change in facial selectivity was observed when the reaction of 6 examined. Upon treatment with AD-mix-α, 6 was found to provide diol 23 in 48% yield, with a 69:31 ratio of 23a and 23b. The above observations prompted us to explore the AD-mix-αmediated reaction at lower temperatures. When the reaction was performed at 0ºC with the same set of reagents, the product selectivity for 23a was slightly improved. Finally, the best result was obtained by carrying out the reaction in the absence of MeSO 2 NH 2 , giving a 83:17 mixture of 23a and 23b in 53% yield. The absolute configurations of 20a and 20b, which were separated by silica-gel column chromatography, were determined by derivatization to trans-1,2-dibenzyloxy-substituted γ-lactone and comparing the optical rotation of this material with the literature value [86] . In the first step, the primary alcohol of 20b was protected as the TBS ether [87] and the remaining two hydroxy groups were then benzylated with NaH and benzyl bromide to furnish 24 (Scheme 5). Simultaneous removal of the acetal and TBS protecting groups and subsequent deprotection of the Boc group were carried out by stepwise reactions with p-TsOH and TFA to give a dihydroxyamine intermediate. This was subjected to oxidative cleavage of the 1,2-amino alcohol and spontaneous formation of lactol upon treatment with NaIO 4 [88] followed by PCC oxidation to form the corresponding trans-1,2-dibenzyloxysubstituted γ-lactone 25 in a 17% six-step yield from 20b. . From these observations, triol 20a was identified as the (1S,2S)-isomer that should be supplied to advance our ongoing synthetic strategy. Having constructed the requisite stereocenters, we set out to synthesize the key intermediate 4. As shown in Scheme 6, the diastereomerically enriched mixture of 23 was treated with methanolic K 2 CO 3 to remove the acetyl group, giving the separable mixture of alcohols 20a and 20b [89] . After purification by silicagel column chromatography, 20a was subjected to the TBS protection-benzylation sequence, as illustrated for the preparation of 24, to provide 26 in 50% three-step yield. In the next step, deprotection of the TBS group with TBAF [77] and subsequent activation of the resulting hydroxy group with TsCl was carried out to yield the corresponding tosylate, which underwent nucleophilic substitution with sodium cyanide to afford 27 in an 80% three-step yield from 26 [90] . Then, the N,O-acetal of this compound was cleaved upon treatment with p-TsOH in methanol [91] , and the resulting primary hydroxy group was subsequently protected as the benzyl ether to provide cyclization precursor 5 in 67% yield over two steps. Transformation of this compound into the heterocyclic hemiaminal 4 was achieved in one pot via DIBAL-H reduction of a nitrile into an aldehyde, followed by spontaneous intramolecular cyclization, with a yield of 67%. This second-generation synthesis of 4 involves 20 steps with a 7.1% overall yield from L-pyroglutamic acid.
After the stereoselective construction of the piperidine core, the next challenge was the diastereoselective introduction of a carbon side chain at C1. Our initial attempt at this carbon-chain installation was performed employing allyltributylstannane (AllylSnBu 3 ) and tert-butyldimethylsilyl triflate (TBSOTf), according to the protocol described by Scolastico [92] [93] [94] . Indeed, 4 underwent a stereoselective reaction to afford a 69:31 mixture of the C1allylated products 7a and 7b in 96% yield (Table 1, entry 1) . Despite the high efficiency of the process, the stereoselective profile was unsatisfactory due to the need for laborious chromatographic separation of the two stereoisomers. Therefore, we next investigated a more effective combination of allylic reagent and Lewis acid for stereoselective allylation to produce the desired diastereomer 7a with higher optical purity.
Although a combination of AllylSnBu 3 and indium chloride (InCl 3 ) resulted in poor diastereoselectivity (7a:7b = 44:56, entry 2), it should be noted that allylation with allyltrimethylsilane (AllylTMS) provided the desired stereoisomer 7a predominantly, where the reaction in the presence of zinc chloride (ZnCl 2 ) at room temperature in toluene provided exclusive stereoselectivity for 7a with 98% de, albeit in low yield (24%). Furthermore, we found that the use of TBSOTf accelerated the reaction rate to give almost the same stereochemical outcome (98 and 92% de) with moderately improved yields (29 and 41%) after periods of 2 and 3 h (entries 4
Natural Product Communications Vol. 8 (7) 2013 1015 and 5), respectively. These results demonstrate that this multiply functionalized hemiaminal 4 is well tolerated for the direct allylation with the silyl-reagents [95] [96] [97] [98] [99] [100] [101] . Therefore, one can clearly see that direct installation of the allyl group was achieved under excellent stereocontrol to provide a synthetic benefit eliminating an unnecessary chromatographic separation. As for determination of the absolute configuration of the newly formed stereogenic center, 1 H NMR spectroscopy failed to provide unambiguous evidence due to overlap of resonances attributed to the C1 methine proton and the Boc protons. Then, we attempted to convert 7a into the corresponding N-unsubstituted piperidine 28, which provided well-separated resonances in the 1 H NMR spectrum after treatment with methanolic HCl (Figure 7) . Indeed, 28 showed clearly distinguishable multiplicities in the 1 H NMR spectrum, giving vicinal spin-spin coupling constants of J 1,2b = 2.8 Hz, J 1,2a = 2.7 Hz, J 2a,3 = 11.7 Hz and J 2b,3 = 2.8 Hz. These values indicated that 28 adopted a rigid conformation, in which H 1 , H 2a , H 2b , H 3 and H 4 should be in equatorial, axial, equatorial, axial and axial orientations, respectively. Thus, the absolute stereochemistry of 28 was determined to be 1S,3S,4S,5R, as shown in Figure 7 . alcohols 30 in 90% yield, which was separated by chromatography on silica gel to provide 8S-and 8R-isomers 30a and 30b, respectively. In the final step, acid-catalyzed solvolysis of the Boc groups of these diastereomers (84 and 90% yield, respectively) followed by hydrogenolysis of the benzyl groups using 10% Pd/C in HCl-MeOH solution yielded the fully deprotected products possessing a free piperidine nitrogen after purification by ion exchange column chromatography, whose spectral shapes were remarkably dissimilar to that of the natural product. These products were, therefore, treated with formic acid in methanol, according to the purification procedure reported in the literature, to afford the corresponding formate salts 1b and 31, respectively.
The spectral shape observed for synthetic 1b closely matched that of natural (+)-batzellaside B given in the literature (Figure 8 ) [31] .
On the other hand, the H2 and H2' resonances in the 1 H NMR spectrum of 31 were significantly shifted downfield relative to those of 1b, accompanied by noticeable changes in spectral shapes of H2' and H7, with even less resolved multiplets. In addition, the 13 C NMR chemical shifts for 1b were completely consistent with the literature data of the structurally related batzellaside A [31] , whereas significant differences were observed for 31. Additionally, the optical rotation of 1b ([α] D 25 +9.3, c 0.5, MeOH) was found to be close to that of the natural product ([α] D 25 +10, c 0.5, MeOH). From these observations, it is evident that 1b can be assigned as the formate salt of (+)-batzellaside B and 31 should be its C8-epimer. An initial attempt to determine the absolute configurations at the C8 chiral centers of the final intermediate 30a,b by employing Mosher's method [102] [103] [104] [105] [106] failed due to indistinguishable proton resonances. Therefore, we attempted to develop an independent synthetic route to batzellaside B involving the intermediacy of a 1016 Natural Product Communications Vol. 8 (7) 2013 Sengoku et al.
structurally simpler system so as to adjust to Mosher's methodology (Scheme 8). Accordingly, aldehyde 29 was allylated by following the Barbier-type protocol to give 32a and 32b in 27 and 58% yield, respectively. The minor isomer 32a was shown to undergo terminal olefin cross-metathesis [107] [108] [109] with 1-heptene and subsequent hydrogenation [110] to lead to exclusive production of 30a, as confirmed by 1 H NMR spectroscopy. Meanwhile, another diastereomer 32b was subjected to derivatization with (R)-and (S)α-methoxy-α-(trifluoromethyl)phenylacetyl chloride (MTPACl) to convert into the corresponding (S)-and (R)-MTPA esters 33, respectively (Figure 9 ). The Δδ SR (= δ S -δ R , ppm) values show opposite signs on both sides of the MTPA plane, and their distribution indicated that the absolute stereochemistry of the C8 stereocenter should be assigned as R. Consequently, the definitive conclusion drawn from the correlation of the above structure/absolute configuration relationship is that the C8 stereochemistries of 32a and 32b should be S and R, respectively. The synthetic route established above allowed us to access (+)-batzellaside B, but a practical methodology for the diastereoselective preparation of 30a remained underdeveloped. As a result of our ongoing efforts to improve the productivity of this natural product, we have recently discovered that the equimolar mixture of 30a and 30b can be converted into diastereomerically enriched 30a through an oxidation-reduction sequence (Scheme 9). When ketone 34 prepared from the equimolar mixture by Ley-Griffith oxidation [111] was treated with 2 equivalents of DIBAL-H at -78°C in THF, a 34:66 mixture of 30a and 30b was quantitatively formed ( Table 2 , entry 1). In contrast, NaBH 4 reduction of 34 produced 30 quantitatively as a 83:17 mixture (entry 3). Additionally, we could not observe pronounced improvement in the stereoselectivity of the reduction by employing the Luche conditions [54, 55] to result in a 60:40 mixture in a 96% yield (entry 3). Remarkably, a preference for the formation of 30a was observed in the cases employing the more reactive metal hydrides for this process (entries 4 and 5). In fact, the reaction with lithium triethylborohydride (LiEt 3 BH) at -78ºC in tert-butylmethylether (TBME) gave a higher stereoselectivity in almost quantitative yield of the desired product (99%, 87:13, entry 4). A more reactive reducing agent (lithium aluminum hydride) delivered 30 with the similar stereoselectivity, albeit in lower yield (85%, 87:13, entry 5), whereas the use of the sterically demanding lithium tri-tertbutoxyaluminum hydride (LiAlH(O t Bu) 3 ) failed to give the desired product. The results obtained in these investigations indicate that the reductive processes of 34 with the anionic boron or aluminum hydride preferred the formation of 30a that was produced by a hydride attack onto the Re-face of the ketone. Thus, the remaining problem for the development of a practical synthetic pathway toward batzellasides has been overcome by the development of the stereoselective process for creating the C8 stereocenter through this oxidation-reduction protocol. Scheme 9: Reagents and conditions: (a) TPAP, NMO, MS4Å; quant.; (b) see Table 2 . A set of the total syntheses of (+)-batzellaside B has been achieved so far [112] . The first-generation synthesis employed a chiral pool approach starting from a sugar building block, L-arabinose, for preparing the key intermediate hemiaminal 4. In the secondgeneration approach starting from L-pyroglutamic acid, three adjacent stereocenters in the hemiaminal were successfully constructed by Sharpless asymmetric dihydroxylation. The stereospecific allylation of 4 was achieved with AllylTMS and TBSOTf, which allows for ease of purification of the products. Furthermore, studies on conversion of the equimolar mixture of 30a and 30b into 30a revealed that the use of the oxidation-reduction sequence employing anionic hydride reagent is effective. These synthetic achievements enabled us to determine the absolute stereochemistry of the targeted compound, as well as to prepare this iminosugar in optically pure form usable for further biological evaluation.
